In order to prevent global warming and save resources, there has been a pressing need in recent years to improve the efficiency of home appliance. Appliance applications such as washers, dryers, air conditioners, and refrigerators, have long been users of conventional induction motor and DC motor for operating pumps, compressors, blowers, fans and agitators as common examples. To meet the increasing demand of energy saving, the induction motor and DC motor in home appliance applications are rapidly being replaced with brushless DC motor. This paper deals primarily with the design aspects of the brushless DC motor drive for appliance applications.
Introduction
Because of recent environmental issues, national efficiency regulations are being strengthened and the market demand for high efficiency machine is increasing. In order to improve the efficiency, it is needed to improve the efficiency of the system or to reduce the losses. To meet the demand for high efficient appliances, manufacturers are looking for new ways to meet the challenge without increasing their product costs. Demands for high efficiency and compact volume have motivated to replace the DC motor and the induction motor with the BLDC motor. The BLDC motor has a number of advantages such as high efficiency, high power factor, high power density, low acoustic noise and low maintenance cost. Moreover, the rapid growth of solid-state power semiconductor technology made it increasingly practical to introduce BLDC motor drives. However, the BLDC motor needs more complex motor drive comparing with the DC motor and induction motor drive. One of the complicated points is current delay problem in high speed which is induced by impedance of inductance at high frequency. For this reason, it is difficult to operate in a wide range of the speed, particularly such as high speed operation. In order to solve this problem, lead angle injection has been utilized. But, there is no common rule in lead angle decision. This paper describes a lead angle adjustment method for BLDC motor. Tozune [2] , Park [3] , and Safi [4] showed the validity of the lead angle injection for high speed BLDC drive. They have verified that output performance has improved in motor current and output torque with lead angle injection and proposed a way of lead angle adjustment rules also. However, the rules are based on the experimental results not by theoretical perspectives. This paper deals primarily with the design aspects of the BLDC drive for appliance applications. Experimental results from laboratory prototype are presented to validate the feasibility. 1 shows the typical inverter configuration and BLDC motor. Generally, the BLDC motor is wound in a three-phase wye configuration. This configuration connects one end of each phase together to make a center point of a "Y" or the motor neutral point. This is then driven by a three-phase inverter with what is called trapezoidal commutation. At any step, only two of the three phases are conducting current where current flows into one phase and then out another. For instance, when phase A and B conduct current, phase C is floating.
Conventional BLDC Drive
Consider the operation of the BLDC motor with six-switch inverter topology. Fig. 2 shows hall-effect sensor output, back-EMF and phase current waveforms, where the rotor is rotating in a counter clockwise direction at a speed of ωm which is driven by the inverter using trapezoidal commutation. This emf waveform has a flat portion, which occurs for at least 120 electrical degree during each half-cycle. The amplitude E is proportional to the rotor speed.
BLDC Lead Angle Adjustment Scheme
The where Van, Vbn, Vcn the applied inverter phase voltage, ia, ib, ic motor current, L sum of the self and mutual inductance of each phase. It has been assumed that each phase back-EMF waveform has a half-wave symmetrical form and also has same magnitude for three phase winding with 2π/3 [rad] phase shift each other. Also, current is achieved to demand level by using current controlled unipolar PWM strategy. At low speed, the current waveform is close to the rectangular waveform, with a phase voltage applied during each phase-conduction interval to force the necessary change in current level. During each interval, the applied voltage exceeds the back-EMF by amount equal to the voltage drop across the winding resistance.
At high speed, the inductive reactance of the windings makes a significant time delay and as a result, the time taken for the current to increase to its demand value occupies a large portion of the phase conduction interval and the demand current level is not attained only at the start of the interval. The output torque of the drive decreases also since the current magnitude is low and it is out of phase with the back-EMF. This situation can be compensated to some extent by injecting each phase voltage earlier which is called lead angle adjustment. With lead angle adjustment, phase current in the motor winding is allowed to be built up before the back-EMF reaches any significant level. Also, the current waveform is closed to rectangular waveform and operate BLDC motor effectively over a wide range, the switches must be turned on in advance of the rising back-EMF region so as to allow time for the current to be built up. Fig. 3 shows the back-EMF and phase current waveform at the low speed and high speed. At low speed Fig. 3 (a) , the current built up effective to demand level quickly since the back-EMF and impedance of motor inductor are low. However, at high speed, the back-EMF and impedance of inductor are quite high. As shown in Fig.  2 (b) , phase current time delay from zero to demand level has quite portion of the overall interval. This decrease output torque and increase torque ripple. Hence, by injecting phase voltage in advance Fig. 3 (c) , the current level reaches its demand level earlier and current delay can be compensated easily. where t1 and t2 are phase change beginning and end time. Without lead angle adjustment, t0 is the phase change time. To make the integration of back-EMF ea and eb be the same magnitudes, t1 and t2 are selected as t0-t1=t2-t0 since the back-EMF waveform has half symmetrical form and also has same magnitude for the three phase windings with phase shift each other. Fig. 3 shows the lead angle adjustment and t1, t2. Hence the lead angle adjustment time tl is given by . 2 Fig. 6 . Photos of BLDC motor, drive, and experimental setup. Table. I. Specification of BLDC motor.
Experimental Results

Item
Unit Specification
Output power W 300
Number of poles -4
Resistance Ω 0.15
Inductance μH 450
In order to verify the proposed lead angle adjustment rule, the BLDC motor and drive were tested extensively with dynamometer lead and evaluated its performance. Fig.  6 shows the BLDC motor, inverter and experimental setup. The specification of the BLDC motor is presented in table I. Fig. 7 shows the experimental waveforms in case of full duty at the rated torque which is 0.6 [Nm] . Due to the inductive reactance of the windings of BLDC motor is delayed significant time, as shown in Fig. 7 . After injecting each phase voltage early by the proposed lead angle adjustment method, current level is reduced. For this reason, torque ripple is reduced and output power and speed are increased in comparison with conventional method. Fig. 8 shows NTI curve. In comparison with conventional method, the speed and the efficiency of proposed method increase. 
Conclusion
This paper presents a lead angle adjustment method of BLDC motor to operate wide range of speed for appliance applications. Through the experimental results, the BLDC motor drive is implemented effectively by using proposed lead angle adjustment method. Lead angle is simply calculated by inductance, current and DC-link voltage. In this way, operating speed and efficiency are increased. The current, power and speed performances using the proposed method are tested in comparison with conventional method which do not inject a lead angle. Through the simply calculated lead angle adjustment, operating speed of the BLDC motor is improved and also current ripple is improved.
